Background: Anterior cruciate ligament (ACL) tears are common, functionally disabling, and predispose to subsequent injuries and early onset of osteoarthritis in the knee. Injuries result in muscular atrophy and impaired muscular activation. To optimize surgical methods and rehabilitation strategies, knowledge of the effects of ACL injuries on muscles size and function is needed. Asymmetry due to limb dominance implies that the effect of ACLinjury might be different in right-sided and left-sided injuries which, should be taken in account when evaluating the effect of an injury. Evaluation of the effects of injuries is usually made with the contralateral leg as control. The aim of this study is to describe the effect of ACL-injuries on thigh muscle size and also to analyze feasibility of using contralateral limb as control. Methods: Sixty-two patients scheduled to undergo ACL reconstruction were examined with computed tomography (CT). Muscle cross sectional area (CSA) was recorded for quadriceps, hamstrings, gracilis and sartorius 15 cm above the knee joint. Comparisons were made between the injured and non-injured side and between individuals separated by gender and side of injury. Comparisons were also made for patients with or without concomitant meniscal tear, for patients differing in time between injury and examinations and for patients with different level of physical activity after the injury.
Background
Anterior cruciate ligament (ACL) tears are common among younger persons involved in different sport activities. These injuries are functionally disabling and predispose to subsequent injuries and of osteoarthritis in the knee. The ACL-deficient knee is often characterized by decreased muscle strength and torque generating capabilities, which may be attributed to muscle atrophy [1] [2] [3] [4] and impaired muscular activation [4] [5] [6] [7] [8] , the latter discussed in a review article by Ingersoll et al. 2008 [9] . Beynnon et al. published in 2005 [10] a review article on biomechanical background, prevalence, risk factors, outcome and indications for various treatment regiments as well as on different surgical techniques and rehabilitation strategies [11] . The rationale for and against reconstructive surgery has recently been outlined by Hurd et al. [12] . It is therefore of importance to assess the morphological effect of ACL-injuries in order to develop the best strategies for rehabilitation. ACL-injuries are often accompanied by meniscal tear, which also are known to induce atrophy of quadriceps [13] .
Contralateral leg for comparison: lateral asymmetry and dominance
Most studies use the contralateral limb as comparison in evaluating changes in muscle size and strength following ACL rupture. The underlying assumption that both limbs were equal in size and muscle strength prior to injury is not fully justified. There are indications that there might be a difference related to limb dominance [14, 15] . The concept of limb dominance in the lower extremity, however, is controversial. Van der Harst et al. in a study of leg kinematics and kinetics in landing from a singleleg hop [16] defined the dominant leg as the leg with the biggest horizontal hop distance. Most investigators, on the other hand, seem to consider the leg preferred for kicking a ball as the dominant leg. If the leg preferred for kicking, which for the majority of people is the right leg [17] , is defined as dominant, the contralateral leg would serve as supporting and weight bearing and therefore being stronger and heavier [15, 18] . Considering the different views of leg dominance, it is not surprising that there is no consensus regarding difference in muscle cross sectional area (CSA) or volume comparing dominant and non-dominant leg.
The reduction of maximal voluntary contraction force (MVC) of quadriceps in the ACL-deficient knee is not only due to atrophy but also to arthrogenic muscle inhibition [19] with the effect of reduced maximal voluntary muscular activation (MVA) and it has been shown that this reduction is bilateral [8] . Berchuck et al. [20] studied gait adaptation in ACL-injured patients. They found that the subjects adapted their gait to reduce contraction of quadriceps and that they tended to walk with symmetrical gait which meant that the contralateral leg was almost equally affected. Thus even a unilateral injury will have effects on the contralateral leg which makes using the contralateral leg as comparison after ACL-injuries problematic.
Asymmetry due to limb dominance implies that the effect of ACL-injury might be different in right-sided and left-sided injuries. Moreover, there is growing evidence that gender differences in muscular strength and activation impact the risk of attaining an ACL-injury and therefore aspects of gender are important when evaluating the effect of an injury [21] .
Purpose of study
The purpose of this study is two-folded. First we wanted to study muscle atrophy after the acute stage, here defined as two months. We wanted to investigate if there were any correlations between the degree of atrophy and concomitant meniscal injury, time from injury or the subjects' physical activity level after injury.
Atrophy is generally assessed by comparing the injured leg with the contralateral. But we hypothesized that other factors could influence the difference between injured and non-injured leg, Therefore the second purpose was to investigate if other factors e g side of injury, effects of limb dominance or gender affected differences in muscle CSA. As no examinations were performed before the injury, the results are merely indirect and in this respect this paper serves more as a proof of concept.
Methods
As part of a study of rehabilitation after surgical restoration of ACL-injuries, CSA of thigh muscles were obtained with computed tomography. The CT-scanning was performed just before surgery to serve as comparison for evaluating the effect on muscle size which was monitored during rehabilitation with repeated CTscanning. Sixty-two ACL-deficient patients, 40 men and 22 women, were recruited and included when they were scheduled to undergo ACL reconstruction. Mean age with standard deviation was 28 ± 9 years for men (range 16-54) and 26 ± 8 years for women (range 16-45). Mean Body Mass Index (BMI) with standard deviation was 25.9 ±3.3 (range 19.8 -32.4) for men and 24.4 ± 3.7 (range 18.9 -31.8) for women. The most commonly reported activities before injury were soccer and alpine skiing but not all were active in sports. Of the 62 patients 26 had also sustained a meniscal tear diagnosed during a preceding arthroscopy or when surgery for ACL reconstruction was performed. CT-examinations were performed before surgery and time between injury and CT-examination ranged from 2 to 180 months with a median of 10 months. Three patients were excluded, one because of spontaneously gaining adequate stability in the knee due to the ACL scarring onto the posterior cruciate ligament, one because of cartilage injury in the joint and one because of unrelated symptoms from the contralateral knee. The Ethics Committee at the Karolinska Institutet approved the design of the study and the patients gave their informed consent for the planned procedures.
Of the 62 patients 36 (58%) had a left-side injury and 26 (42%) had a right-side injury. There were no differences between men and women, chi-square test for independence of gender and side was 0.68. Leg dominance, defined by the leg preferred for kicking a ball, was recorded for 46 patients where 43 had a rightsided dominance. Activity level before and after the ACL-injury was recorded according to the Tegner activity scale [22] and was also determined as stated in the International Knee Documentation Committee (IKDC) subjective knee evaluation form [23] on a four-graded scale from very strenuous, strenuous, moderate, to light.
CT-imaging
Axial CT images with the patients in supine position were acquired 150 mm above the knee joint. Due to change of equipment at our department 4 different CT-scanners were used, although 53 of the 62 examinations were performed with a Philips Tomoscan SR 7000 (single slice helical CT-scanner, 100 kV and 75 mAs). Slice thickness in all images was 10 mm. The images were saved as DICOM-images in a PACS-system for later analysis.
The muscles analyzed were: quadriceps, sartorius, gracilis, semimembranosus, semitendinosus and biceps femoris. The different parts of quadriceps were not measured separately as especially vastus intermedius could not always be confidently separated from vastus lateralis and vastus medialis at this level. For the same reason the different parts of biceps femoris were not separated. The images were analyzed using NIH ImageJ version 1.42e software (http://rsbweb.nih.gov/ij/). The muscles were measured by outlining the borders and then registering the area with attenuation between 1 and 101 Hounsfield units. All measurements were made by one of the authors (SS) with 10 years of experience of CT-examinations. The method was previously evaluated with repeated measurements by two independent investigators and was found to have good reliability [24] .
Measurement evaluation
To evaluate the effect of injury, the percentage difference between the CSA of the injured and non-injured side was compared. The percentage difference in CSA was calculated for each muscle and for each patient separately. The mean of the percentage differences was then compared for all muscles for all patients together and also for right-sided and left-sided injuries separately. To test for side asymmetry the mean CSA for the muscles of the non-injured side in patients with right-sided injury was compared with those of the patients with leftsided injury for men and women separately. In the same way the mean CSA for muscles of the injured side was compared. As the measurements here refer to different individuals, absolute values of CSA in mm 2 were used for comparison.
To test if there was any gender effect, the difference in injured and non-injured side CSA in per cent was compared between men and women. In the same way the potential effect of an additional meniscal tear was evaluated by comparing the percentage difference between injured and non-injured side in patients with meniscal tear with those without concomitant meniscal injury.
The CT-examinations were performed after the acute stage of the injury, here defined as two months. Although most of the patients were examined a rather long time after the injury, any remaining effect of time between injury and CT-examination was tested by classifying the patients in three groups, less than 6 months (N=17), 6 to 12 months (N=18) and more than 12 months (N=27) and then comparing the percentage difference in CSA. The classification was chosen in order to get reasonable sample size. In the same way correlation between degree of physical activity after the injury and the change in CSA was tested for patients with different level of activity.
Statistical methods and data management
Repeated measurements analysis was used to analyze time dependent data and multiple comparisons of continuous data were performed by analysis of variance (ANOVA). The post-hoc procedure proposed by Fisher was used to control for multiplicity. Statistical comparisons in order to test differences between two independent groups were made by use of Student's t-test for uncorrelated means. Within group analysis was made by use of pair-wise Student's t-test for correlated means. In order to evaluate hypotheses of variables in contingency tables, chi-square test was used, or, in case of small expected frequencies, Fisher's Exact Test. The study employs multiple hypothesis testing, where each hypothesis was analyzed separately and the existence of patterns in results and the consistency of the results were considered in the analysis [25, 26] . In addition, descriptive statistics was used to characterize the data. Data were expressed as mean ± SD. All analyses were carried out by use of a statistical software (The SAS system for Windows 9.2. SAS Institute Inc., Cary, NC, USA). A p-value of <0.05 was considered significant and in the case of a statistically significant result the probability value (p-value) was given. Table 1 presents the CSA for the individual muscles comparing the injured with the non-injured side. A statistically significant smaller CSA of the injured side was found for the quadriceps muscle both when comparing all the patients and when comparing right-sided and left-sided injuries separately. On the other hand, with a right-sided injury, the CSA of all muscles except quadriceps tended to be larger on the injured side although the difference was statistically significant only for gracilis, semitendinosus and biceps femoris. With a left-sided injury the CSA of all the muscles on the injured side except semitendinosus tended to be smaller although the difference was statistically significant for quadriceps and semimembranosus only. The result for semitendinosus was highly influenced by two patients with left-sided injury who for some unknown reason had very small CSA of semitendinosus in the non-injured leg. Table 2 presents mean CSA for the measured muscles for men and women separately for the leg without ACLinjury and similar figures for the injured leg. A comparison was made between right and left side i.e. the right side of patients with left-sided injury was compared with the left side of those with a right-sided injury. The number of patients in each group was low and there was a great variability as can be seen from standard deviation figures. None of the differences for the non-injured legs were statistically significant, but for 10 out of 12 comparisons the recorded mean CSA was larger for the right leg than for the left even though the difference for gracilis in women was marginal. For the ACL-deficient leg, CSA for quadriceps in women was smaller in right injured legs compared to left injured legs (p<0.05). There was also a difference in the effect of ACL-injury when comparing left-sided and right-sided injuries. This is illustrated in Table 3 which shows some of the figures  from Table 2 reorganized to illustrate this. The table shows that the difference between injured and noninjured side was bigger for right-sided than for left-sided injuries. The mean percentage differences for quadriceps CSA between injured and non-injured leg for men and women combined were −8.5% and −3.3% for right-sided and left-sided injuries respectively (p=0.018). When separating for gender the corresponding figures were, -7.1% and −4.1% (p=0.294) for men and −10.7% and −1.7% (p=0.012) for women.
Results

Injured versus non-injured side
Right versus left side
Gender
As expected, there was a difference in CSA in general between men and women both for the injured and noninjured leg, which is shown in Table 2 . Table 4 shows the difference in CSA between injured and non-injured leg in per cent with a comparison between men and women. The only statistically significant difference was for semimembranosus where the reduction of CSA was bigger in women than in men. The tendency was the same when calculating right-sided and left-sided injuries separately, although the difference was statistically significant for right-sided injuries only. Table 5 shows the difference in CSA between the injured and the non-injured leg for patients with or without meniscal tear. No significant differences were found except for semitendinosus but the figures for semitendinosus were highly influenced by the two patients mentioned above, both with left-sided injury and meniscal tear.
Meniscal injury
Time from injury and physical activity
No significant differences were found when comparing patients with different time between injury and CTexamination. Activity level according to the Tegner scale before and after injury was 7.8 ± 1.0 and 3.1 ± 1.6 respectively for men and 7.0 ±1.4 and 2.4 ± 1.1 for women. The self-estimated physical activity before and after the injury is presented in Table 6 . The differences between the injured and non-injured side were the same irrespective of activity after injury although there was a tendency to less difference in the two patients who retained very strenuous activity.
Discussion
In agreement with our hypothesis we found that apart from the ACL-injury there were also other factors that influenced the comparison between injured and noninjured muscle CSA. We found several differences between the left and right leg. The CSA of the muscles of the right leg, which for the majority of the patients was the dominant leg, was bigger than the CSA of the left leg. There was also a side difference in the effect of ACL-injury since the difference in CSA of quadriceps was more pronounced after a right-sided injury than after a left-sided injury.
It is previously known that the most obvious effect of ACL-injury on muscle size is atrophy of quadriceps. Williams et al. [4] found 4.5-13% lower muscle volume of quadriceps in the injured knee compared to the opposite side for patients defined as "non-copers" i.e. patients who do not compensate well for the injury. In our study the CSA of quadriceps was approximately 5% smaller in the affected side which is in agreement with these findings. Usually the contralateral leg is used as control as it provides a matched sample which eliminates the high interindividual variability of the muscles due to different statue and physical activity. As pointed out in the introduction, this ignores any difference between the sides of a healthy person and also the effect an injury has on the contralateral leg. It has also been demonstrated that there are side differences in other anatomical characteristics in the lower extremity as e g Q-angle and tibial torsion [27] . In this study we tried to check the feasibility of using the contralateral leg for comparison. The results are mainly indirect as we did not have an examination before the injury. In literature there are conflicting results as to which leg is the heaviest with the greatest muscle mass. There are also indications that persons who suffer ACL-injuries are not representative in this respect as imbalance between quadriceps and hamstrings might influence the risk of attaining an ACL-injury [28] .
The new findings in this study are the differences between left and right leg. Generally the CSA of the right leg, which for the majority of the patients was the dominant leg defined as the leg preferred for kicking a ball, was bigger than the CSA of the left leg. Even more interesting is that there was a side difference in the effect of ACL-injury since the difference in CSA of quadriceps between the injured and non-injured side was more pronounced after a right-sided injury than after a left-sided injury. There was also a gender difference as reduction of CSA of semimembranosus was more pronounced in females.
Right versus left side
As our population already had an ACL-injury, we had to analyze side differences in the non-injured leg by comparing the right leg in patients with a left-sided injury with the left leg in patients with right-sided injury. The high inter individual variability shown by the values of standard deviation in Table 2 made the statistical power of such a comparison low and we did not find any statistically significant differences. Nevertheless, in 10 out of 12 comparisons the recorded mean CSA of the right leg was larger than that of the left leg. The probability for such a skewed distribution if there is no side difference is 0,039 (double sided binomial distribution). Further support for the view that the muscles of the right leg were bigger than those of the left leg came from comparing the matched samples of injured versus non-injured side separated for left-sided and right-sided injuries in Table 1 .
Quadriceps was smaller on the injured side, probably due to atrophy as expected. Except for quadriceps, the CSA of the other muscles of the injured side tended to be bigger than on the non-injured side when the right leg was injured. The opposite was true for left-sided leg injury where the muscular CSA in general was smaller in the noninjured leg.
The other observed side asymmetry in this study was the effect of ACL-injury on muscle size. Table 3 shows that the difference between the injured and the noninjured side in quadriceps CSA was larger for right-sided than for left-sided injuries which implies that the atrophy of quadriceps was more pronounced in right-sided injuries. Even if the reason for this is not clear, it is likely to be related to limb dominance and maybe also to gender differences as the effect seemed to be greater in women than in men.
The present study thus indicates that there are differences in muscle size both between right and left side in general and in the effect of an ACL-injury that have to be taken in account when evaluating atrophy after ACL injury.
Dominance
Although leg dominance was not determined for all patients included in this study, a great majority of the patients were right-leg dominant for kicking. This is in accordance with previous findings where e.g. Matava et al. reported a figure of 89% [17] . Our findings strongly suggest that for our study population the muscles of the right thigh, which for the majority is the leg preferred for kicking, had larger CSA, than the muscles of the left thigh. These findings are however indirect as they are based on comparison of the muscles of the right thigh in patients with a left-sided injury with the left thigh in patients with a right-sided injury.
In a study of skeletons Čuk et al. [14] found that the left femur was larger and longer than the right which was interpreted as the left limb being the supportive leg for both left-handers and right-handers. This would indicate that the left leg would be stronger and heavier which was also found for most of the subjects in a cadaver study of Chhibber [15] . Peters [18] in a reviewarticle concluded that in adult right-handers the left leg is longer and heavier than the right leg. This finding was however not confirmed in a study of Tate et al. [29] where differences in vastus lateralis and medialis were found between the dominant and non-dominant leg but otherwise there were no differences in total quadriceps and only small differences in the other muscles. In a study of age-associated strength change in women [30] the subject of limb dominance was also analyzed. Limb dominance was defined as the preferred limb and CSA of thigh lean mass was calculated from anthropometric measurements. They reported a significant larger CSA in the dominant limb. There are thus conflicting results regarding the differences in muscle size between sides that might be at least partly due to different definition of dominance.
Gender
Women's semimembranosus CSA was significantly reduced in the injured leg which was not the case for men. From our data it is not possible to deduce if this was due to more pronounced atrophy after the injury or whether a smaller semimembranosus might have affected the risk of getting an ACL-injury. But it has been demonstrated that in female athletes who subsequently suffered ACL-injuries there was strength imbalance between the quadriceps and hamstring muscle groups that was not found among men [28] and this supports the view that a small semimembranosus might be an etiologic factor for ACL-injuries. Gender differences in muscular activation of quadriceps and hamstring have also been reported by Chappel et al. [31] .
In our study there was no gender difference between the proportions of left-sided versus right-sided injuries. This means that we could not confirm the findings of other studies where e.g. Negrete et al. reported an increased proportion of left-sided non contact ACLinjuries in females [32] . Brophy et al. [21] found gender differences in the frequency of non-contact ACL injuries in soccer players where females were more likely to injure their supporting leg whereas males tend to injure their kicking leg. This was also found in a recent study of recreational skiers where 90% had a right-sided lower limb dominance defined as the leg preferred for kicking a ball. Sixty-eight per cent of the females injured their left leg versus 48% of the males [33] .
Meniscal injury
The present study did not find any difference in muscle CSA of ACL-deficient patients with or without meniscal tear. This is in agreement with previous literature. Akima et al. [13] showed that there was atrophy of quadriceps after meniscal lesions and partial arthroscopic meniscectomy whereas the other muscle groups were not affected. Urbach et al. [8] found that the MVC was more reduced in patients with a combined ACL and additional knee injuries compared with patients with isolated ACL-injury but concluded that this was an effect of decreased MVA alone and not due to any differences in atrophy.
Physical activity and time from injury
Most of the patients in the present study had reduced their physical activity considerably as shown by the reduction of Tegner activity score after injury and IKDC score (Tab 6), and all were awaiting ACL-reconstruction due to problems with knee instability. They could therefore be defined as non-copers. There is no accepted definition for the acute stage of an ACL-injury which can range from days to weeks [10] but as the subjects in this study were examined at least 2 months after the injury and with a median time of 10 months, they are here considered as after the acute stage. Williams et al. [4] studied quadriceps weakness and atrophy in predicted non-copers with an average time of two months after injury and found significant reduction in volume and CSA of quadriceps. The atrophy of quadriceps thus seems to appear rather early and to persist in untreated chronic ACL-deficient patients [3] . The patients in our study were non-copers who had reduced their physical activity a great deal, and the CT-examination was performed after the acute stage. It is thus not surprising that we could not find any correlation between the degree of reduced physical activity or the time from injury and the difference in CSA.
Limitations
The observed differences between right and left side which are part of the important findings in this study are based on comparing groups of patients instead of comparing right and left side in the same individual as we had no CT-examinations before the ACL-injury. This results in statistically less powerful comparisons. An alternative is to examine a group of healthy individuals but as imbalance in the muscles of the thigh might be an etiologic factor for attaining ACL-rupture, such a study group might not be representative for patients with ACL-rupture. Another weakness of the study is that muscle size is estimated from measuring CSA instead of muscle volume. This was because we, in attempt to keep the radiation dose low for this study group who voluntarily participated in the study, decided to use only discrete axial CT-images at certain levels instead of a complete examination of the thigh. An alternative would have been to use magnetic resonance imaging (MRI) instead of CT but even with MRI measuring volumes of the entire muscle is difficult and time consuming as different parts of the muscles are not always readily separable.
Conclusions
The contralateral leg is often the used for evaluating the effects of ACL-injury and for monitoring the result of rehabilitation, but this study indicates that there is asymmetry in the muscles that ought to be taken in account and, that the effect of an ACL-injury on muscle size differs between right-sided and left-sided injuries. The results need to be confirmed in future studies. There is also growing evidence that dominance-and gender-effects, such as our finding of decreased female semimembranosus CSA, have to be considered when assessing the effect of ACLinjury and the result of rehabilitation.
